Enhancers are closely positioned with actively transcribed target genes by chromatin looping. Non-coding RNAs are often transcribed on active enhancers, referred to as eRNAs (enhancer RNAs). To explore the kinetics of enhancerpromoter looping and eRNA transcription during transcriptional activation, we induced the β-globin locus by chemical treatment and analysed cross-linking frequency between the β-globin gene and locus control region (LCR) and the amount of eRNAs transcribed on the LCR in a time course manner. The cross-linking frequency was increased after chemical induction but before the transcriptional activation of gene in the β-globin locus. Transcription of eRNAs was increased in concomitant with the increase in cross-linking frequency. These results show that chromatin looping and eRNA transcription precedes the transcriptional activation of gene. Concomitant occurrence of the two events suggests functional relationship between them.
INTRODUCTION
Enhancers are regulatory elements activating the transcription of target genes. They are usually located at long distance from the genes in genome. The transcriptional activation of the genes depending on cell differentiation or experimental induction brings enhancers to promoters in close proximity, generating loop structure in nuclear environment [1, 2] . This conformational change suggests that chromatin looping has a positive role in the transcriptional activation of genes. The positive role is supported by transcriptional inactivation, accompanying the loss of loop structure in cells where chromatin loop mediating proteins are depleted [3] [4] [5] and by transcriptional activation in a locus having forced chromatin looping [6] . However, it is not clear when the chromatin loop structure is formed for transcriptional activation of gene and whether the looping precedes the transcriptional activation of genes.
Earlier studies report that noncoding RNAs are transcribed on enhancers [referred to as enhancer RNAs (eRNAs)] and transcription of eRNAs correlates with transcription of target genes [7] [8] [9] . These reports propose the functional mechanism of en- Abbreviations: 3C, chromosome conformation capture; eRNA, enhancer RNA; HS, hypersensitive site; LCR, locus control region; MEL, murine erythroleukaemia; RT, real-time. 1 To whom correspondence should be addressed (email kimaeri@pusan.ac.kr).
hancer through the elongation of RNA polymerase II or eRNAs per se. eRNAs are transcribed in a transcription factor-dependent manner [10] . The transcription of eRNAs appears to play a role in depositing mono-and dimethylation of histone H 3 K 4 at de novo enhancers by preceding these modifications [11] . A study using siRNA shows that eRNAs regulate chromatin accessibility and RNA polymerase II occupancy at the target genes [12] . Transcriptional repressors have been reported to function by inhibiting the transcription of eRNAs in distal enhancers [13] .
The β-globin locus has the locus control region (LCR) at upstream region of the globin genes. The LCR consists of several DNase I hypersensitive sites (HSs) that contain binding motifs for transcription activators and functions as an enhancer to regulate the spatio-temporal transcription of the globin genes. When the globin gene is actively transcribed, the LCR HSs are positioned in close proximity with the active gene, forming a chromatin loop [14] [15] [16] . In addition, non-coding RNAs are synthesized from the LCR in erythroid cells with the association of RNA polymerase II [17] [18] [19] [20] [21] . The RNAs were reported to be transcribed from upstream region of LCR HS5 or from many sites of HS2 toward the downstream globin genes [21] [22] [23] . The transcription of non-coding RNA from the LCR HS2 accompanies locus wide histone acetylation between the HS2 and target globin gene in minichromosomal locus [24] . The β major globin gene of the mouse β-globin locus can be transcriptionally-induced in murine erythroleukaemia (MEL) cells by chemical treatment. Chromatin structure in the β-globin locus in uninduced MEL cells, such as hypoacetylation of histones and weak association of RNA polymerase II and transcription activators, is strongly activated by the chemical induction [3, [25] [26] [27] . In our previous study, performed over a time course, transcription of the β-major-globin gene was substantially increased at 48 h after chemical induction, but not at 24 h [28] . Further increase in transcription was observed at 72 h. Sequential analysis of chromatin structure, such as transcription activator binding and covalent modifications at histone lysine residues, showed the kinetics of chromatin structural changes in the LCR and target gene during transcriptional induction and revealed the correlation of the changes with gene transcription. In the present study, to ask the kinetics of chromatin looping and eRNA transcription during transcriptional induction, we analysed the mouse β-globin locus in a time course manner using MEL cells chemically treated. The results show that these events, chromatin looping and eRNA transcription, precede the transcriptional activation of gene and take place together during transcriptional induction procedure.
MATERIALS AND METHODS

Cell culture
MEL cells were grown in Dulbecco's Modified Eagle's medium (DMEM) containing 10 % FBS. To transcriptionally activate the β-major-globin gene, MEL cells at 1.5 × 10 5 /ml of density were treated with 5 mM of HMBA (10-[(3-Hydroxy-4-methoxybenzylidene)]-9(10H)-anthracenome) for 24, 48 and 72 h [29] .
Quantitative RT-PCR
RNA was prepared from 2 × 10 6 MEL cells using the RNeasy Plus Mini Kit (Qiagen). A half microgram of RNA was reverse transcribed with random hexamers using the Superscript III firststrand synthesis system as suggested by the manufacturer (Invitrogen). A half microgram of RNA was reacted without reverse transcriptase. cDNA was amplified in a 10 μl of reaction volume by quantitative PCR using TaqMan chemistry. The relative intensity of specific cDNA sequences was compared with a genomic DNA standard using the comparative Ct method and then normalized with the relative intensity for the actin. Three independent preparations of RNA were analysed. The sequences of primers and TaqMan probes were provided in our previous study [28] .
Chromosome conformation capture
Chromosome conformation capture (3C) assay was performed, as described, with the reduced number of cells [15, 30] . MEL cells were cross-linked with 1 % formaldehyde and nuclei were prepared from approximately 1-2 × 10 6 cells. Eight hundred units of HindIII restriction enzyme were used to digest DNA for overnight and the digested DNA was ligated with T4 ligase. The ligated DNA was purified after reverse cross-linking. The 3C products were quantitatively amplified by PCR using SYBR Green as a fluorescence dye. To correct the differences of ligation efficiency between fragments and the difference of PCR efficiency between primer sets, control templates were prepared by digesting and ligating equimolar amounts of bacterial artificial chromosome (BAC) vectors containing the β-globin locus and Ercc3 (excision repair cross-complementation group 3) gene and same amount of genomic DNA [14] . The ligation between the two fragments was analysed using the reverse direction primer of each fragment as shown in Figure 2 control templates and then by normalizing with the cross-linking frequency in the Ercc3 gene [31] . Sequences of primers for 3C assay are presented in Supplementary Table S1 .
ChIP
ChIP was carried out as described [32] . Briefly, MEL cells (2 × 10 7 ) were cross-linked with 1 % formaldehyde and then nuclei were isolated by cell lysis. Chromatin was fragmented by MNase digestion and sonication into mainly mononucleosomes and then was incubated with RNA polymerase II antibodies (Santa Cruz Biotechnology) or normal rabbit IgG (Santa Cruz Biotechnology) after pre-clearing. Protein-DNA complexes were recovered with protein A agarose beads and DNA was purified after reverse cross-linking.
RESULTS
Chromatin looping between the LCR HSs and active gene precedes the transcriptional activation of gene in the mouse β-globin locus
To ask the kinetics of chromatin looping between enhancer and promoter during transcriptional induction, we induced the mouse β-globin locus in MEL cells by treating with HMBA for 3 days ( Figure 1A) . The β major globin gene transcripts were analysed at every 24 h by amplifying the exon 2 and intron 2 regions in quantitative real-time (RT)-PCR ( Figure 1B) . As expected, a basal level of transcription in the β major globin gene was not changed at 24 h after the HMBA treatment and was remarkably increased at 48 h with further increase at 72 h. This transcriptional induction pattern was confirmed by analysing the intron 2 region for preRNAs. Chromatin loop structure of the mouse β-globin locus was analysed by the 3C assay using HindIII enzyme that separates the LCR HSs into different fragments (Figure 2A ). In the assay, crosslinking frequency between the β-major-globin gene and LCR HSs was sequentially increased after transcriptional induction ( Figure 2B ). The strongest increase was observed at 24 h in HS3, HS2 and HS1. The further increases were observed at 48 and 72 h. Two fragments containing HS4, HS5 and HS6 did not show any significant change in cross-linking frequency with the βmajor-globin gene. This is likely to be because the HS5 and HS6 are insulators, not enhancers. Thus, these results indicate that chromatin looping of the β-major-globin gene with LCR HSs precedes the transcriptional activation of gene.
Close positioning of the LCR HSs with actively transcribed globin genes was showed in many studies. However it is not clear whether the intervening regions between the HSs are also closely positioned with the target genes. We analysed cross-linking frequency of the intervening regions among the HS3, HS2 and HS1 with the β-major-globin gene. The frequency was relatively low and not increased after transcriptional induction ( Figure 2C ). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Figure 4
Changes of chromatin structure during transcriptional induction in the mouse β-globin locus The results presented in Figure 1-3 and in our previous study were combined and represented in the mouse β-globin locus [28] . The four stages were named as uninduced, locus activation, transcriptional activation and fully transcribed stages.
These results indicate that only HSs are closely positioned with the target gene by looping out intervening regions between them.
eRNAs on the LCR HSs are transcribed before the transcriptional activation of gene in the mouse β-globin locus
To investigate the kinetics of eRNA transcription during transcriptional induction, transcripts from the mouse β-globin LCR were analysed in HMBA-treated MEL cells. RNA was extracted before and after transcriptional induction at every 24 h and cDNA was generated using random hexamers. Quantitative PCR showed that transcripts from the LCR HSs are sequentially increased after transcriptional induction ( Figure 3A) ; although the amount of transcripts was lower than the mRNA amount of the βmajor globin in uninduced MEL cells ( Figure 1B) . The increase in eRNAs was detected at 24 h after transcriptional induction, even though the transcription of the β-major-globin gene was not increased at this stage. Thus these results reveal that transcription on the LCR HSs occurs by transcriptional induction and precedes the transcriptional activation of gene in the mouse β-globin locus.
To support the increases in eRNAs on the β-globin LCR, we examined the association of RNA polymerase II at the LCR HSs. ChIP was performed with antibodies to RNA polymerase II in HMBA-induced MEL cells. RNA polymerase II was detected at very low levels in the LCR HSs before transcriptional induction, but the levels were strongly increased at 24 h after the induction in the LCR HS3, HS2 and HS1, even not in HS4 ( Figure 3B ). High levels of RNA polymerase II were observed at 48 or 72 h. At the transcription start site of the β-major-globin gene, RNA polymerase II was increased at 48 h and further increased at 72 h. The association pattern of RNA polymerase II over the time course was generally parallel with the transcription pattern of the LCR HSs and globin gene. The level of RNA polymerase II detected by ChIP assay was unexpectedly high in the LCR HSs compared with the amount of transcribed eRNAs.
DISCUSSION
The transcriptional activation of gene in eukaryotes accompanies numerous events including transcription factor binding, nucleosome remodelling, histone modifications, chromatin looping and eRNA transcription. The order of these events is one of the most basic and common questions. The present study, together with our previous study [28] , shows the dynamics of chromatin structure and coding and non-coding RNA transcription during transcriptional induction over 72 h in the mouse β-globin locus (Figure 4) . We have named the four stages as uninduced, locus activation, transcriptional activation and fully transcribed stages. The most notable point is that events on the LCR occur at a locus activation stage that is after transcriptional induction but before transcriptional activation of gene. The events include chromatin looping of the LCR HSs with target gene and transcription of eRNAs. It suggests that these events are pre-requisite for active gene transcription rather than consequence of it.
Precedence of chromatin looping and eRNA transcription to the transcriptional activation of gene implies that they have roles in preparing active gene transcription. Physical interaction of enhancer with promoter through co-activators, such as LDB1 (LIM domain-binding protein 1), appears to promote the recruitment of RNA polymerase II to promoter and/or its elongation into the gene [6, 33] . RNA polymerase II recruited to enhancer can be transferred to promoter by looping or tracking [17, 34] . Indeed, RNA polymerase II is found in the LCR HSs before the transcriptional activation of gene in the β-globin locus (Figure 4 ). eRNA transcription might play a role in modifying histones across the enhancer or locus. Acetylation and demethylation at several lysine residues of histone H3 in the LCR HSs are established at 24 h after transcriptional induction in concomitance with eRNA transcription [28] . These modifications could be conferred by histone-modifying enzymes that associate with RNA polymerase II elongating on enhancer. The physical association of histone acetyltransferase or methyltransferase with elongating polymerases has been reported [35, 36] . In this case, eRNAs could be by-products of RNA polymerase II elongation for establishing active histone modifications in enhancers.
The concomitant occurrence of the two events, chromatin looping and eRNA transcription, in the β-globin locus suggests functional relationship between them. Genome wide analysis shows that transcription of eRNAs is correlated with chromatin looping of enhancers with target gene promoters [37] . Studies using knockdown of eRNAs indicate that eRNAs, products of transcription, exerts a direct role in chromatin looping. Removal of eRNAs using siRNAs or LNAs (locked nucleic acids) causes a loss in chromatin loops that are formed by oestradiol treatment in human breast cancer cells [38] . eRNAs (non-coding RNA-activating) interact with mediator, multi-subunit co-activator complex bridging transcriptional activators and RNA polymerase II that is required for chromatin looping between the loci transcribing eRNAs and their target genes [39] . However, studies using inhibitors to RNA polymerase II elongation show that chromatin loops are formed independently from polymerase II elongation or eRNA and/or coding RNA production in the gene loci induced by androgen receptor or oestrogen receptor [34, 37] . Further studies might be required to elucidate whether eRNAs play a role in chromatin loop formation or the transcription process of eRNAs does it.
